A B S T R A C T Adult human liver biopsies were cultured from normal, alcoholic hepatitis, chronic active hepatitis, fibrosis plus alcoholic hepatitis (active cirrhosis), inactive cirrhosis, and drug hepatitis. The synthesis of collagen was estimated in cultures from 58 livers by measuring the conversion of ['4C] proline to the ['4C]hydroxyproline of collagen; that of glycosaminoglycans in cultures from 57 livers by the incorporation of [3H]acetate and 35SO4 into glycosaminoglycans (GAG). The synthesis of procollagen was increased only in cultures from alcoholic hepatitis, both in the pulse medium (P < 0.05) and in the chase medium (P < 0.02). The synthesis of insoluble collagen was increased in cultures from chronic (active) hepatitis (P < 0.01), fibrosis plus alcoholic hepatitis (active cirrhosis) (P < 0.001), and inactive cirrhosis (P < 0.05). Essentially all radioactive GAG was soluble in culture media. The predominant GAG were chondroitin-4 or -6-SO4. The synthesis of GAG was increased only in cultures from fibrosis plus alcoholic hepatitis (active cirrhosis) both in the pulse medium (P < 0.01) and chase medium (P < 0.001).
The data indicate that in the absence of immunocompetent cells or their secretory products, tissue cultures from livers showing biopsy evidence of active fibrosis in vivo may demonstrate increased synthesis of collagen and GAG in vitro. Increased (soluble) procollagen synthesis in cultures from alcoholic hepatitis was not associated with histologically demonstrable overt hepatic fibrosis in vivo, nor was it associated with increased GAG synthesis in vitro. No significant difference was demonstrable in collagen or GAG synthesis in paired cultures which contained either 300 mg/dl ethanol or 3.75 mg/dl methylprednisolone compared to their respective controls.
INTRODUCTION
Hepatic fibrosis and cirrhosis usually follow parenchymal necrosis and inflammation. It is not known, however, whether hepatic fibrosis is induced by hepatocellular necrosis, by the inflammatory exudate, or by an immune mechanism. Because cells from adult human livers can be maintained in tissue culture, it became possible to estimate the synthesis ofcollagen and glycosaminoglycans (GAG)' by cells when these are no longer exposed to the direct effect of their in vivo environment (1) .
MATERIALS
A random sample of the unselected liver biopsies was removed for culture. Those who obtained the liver biopsy did not participate in the laboratory work and those who performed the culture and biochemical work were not aware of the diagnosis.
Diagnostic categories
Normal. The livers were classified as normal when there was neither clinical evidence of primary liver disease nor significant histopathology. GAG studies were performed in 9 and collagen studies in 13 cases. 4 of the 9 used for GAG and 2 of the 13 for collagen studies had intra-abdominal cancer with suspected hepatic metastasis at the time of biopsy. However, no evidence of tumor was seen on gross and microscopic examination of the liver removed by needle aspiration.
Chronic (active) hepatitis. The diagnosis was made by clinical data and by the biopsy demonstration of portal and periportal hepatitis, piecemeal necrosis, and scattered areas of lobular hepatitis. Cirrhosis was not seen in any of these livers. Fibrosis was predominantly in the portal and periportal areas. Collagen studies were performed in eight and GAG studies in seven cases.
Alcoholic hepatitis. The diagnosis was made by clinical data and biopsy demonstration of its characteristic histologic features (2) . The biopsies in this group showed either no fibrosis or only minimal subsinusoidal or portal fibrosis. Each had confluent necrosis in zone 3 of the hepatic acinus (3) . Collagen studies were performed in nine and GAG studies in seven cases.
Fibrosis and alcoholic hepatitis (active cirrhosis). These livers showed significant distortion of the lobular architecture by fibrosis in addition to active alcoholic hepatitis. 8 of the 12 used for collagen and 9 of the 16 livers used for GAG studies had established cirrhosis. The remaining biopsies showed well-developed subsinusoidal, intralobular, and periportal fibrosis but no definite septa were recognizable. In these biopsies several of the hepatic venules were compressed by fibrosis ("central hyalin sclerosis").
Inactive cirrhosis. Wedge biopsies were obtained from cirrhotic patients during elective shunt surgery. These contained broad and usually cellular septa. There was no significant active parenchymal necrosis and inflammation. These explants contained a much larger proportion of septum than those from other categories. Collagen studies were performed in 9 and GAG studies in of chase medium (CM).4 The cells were incubated for 72 h in 15 ml CM; then the CM was removed and the monolayer was rinsed twice with 5 ml isotonic balanced salt solution (BSS). The respective PM, CM, and corresponding rinses from sets of subcultures were pooled and were stored frozen at -20°C. The monolayers with adherent insoluble material were then harvested by brief trypsinization followed by scraping; then they were centrifuged at 5,000 g at 4°C for 10 min and frozen (insoluble fraction). When sufficient number of generation-specific subcultures were obtained, then both collagen and GAG were studied in sets of sister cultures; otherwise, only collagen or only GAG studies were performed. Furthermore, when the growth rate permitted, replicate sets of generation-specific cultures were used to evaluate the effect of compounds added to the PM and CM on collagen or GAG synthesis.
Ascorbic acid was added to give 3 mg/dl (a) only once at the start of the incubation or (b) at 6-h intervals during incubation; (c) controls.
Graded concentrations of ethanol in culture media, up to 600 mg/dl, produced no detectable cytologic changes under phase microscopy during experiments ranging from 7 to 14 days. Only ethanol concentrations of 1,000 mg/dl or greater produced pathologic alterations. Collagen or GAG synthesis in control cultures were compared with those which contained 300 mg/dl ethanol and with those which contained 3.75 mg/dl (0.1 mM) 6-methyl-prednisolone.
Radioactivity. All counts were the averages of replicates. The 3H and 35S were counted simultaneously in a Packard model 3321 Tri-Carb liquid scintillation spectrometer (Packard Instrument Co., Inc., Downers Grove, Ill.). The three channels were set for 3H, 35S, and 14C, respectively. The statistical counting error was less than 1.5%. The disintegrations per minute for each set were calculated by a computer program which corrected for quenching, counting efficiency, and, in the case of GAG experiments, decay of 35S and spill of 35S into 3H channel. The counts were done in 10 ml toluene for 14C counts and in Bray's scintillation solution for 3H and 35S.
Cell protein. The cell pellets were disrupted by freezethaw cycles and were homogenized. A 2-ml suspension was prepared and 0.1-ml duplicates were removed for measurement of total cell protein by the Lowry procedure (5) modified by increasing the NaOH incubation for 2 h at 18°C.
[ Isolation ofGAG. The pooled soluble fraction was loaded onto an ECTEOLA column (0.6 x 3.0-cm with a 100-ml fluid reservoir). The unadsorbed GAG7 in the effluent was digested with crystallized papain and was adsorbed on Dowex 1 x 2 columns (1 x 7 cm, Dow Chemical Corp., Midland, Mich.). Both the ECTEOLA and Dowex columns were eluted in 2.5 N NaCl, precipitated with 0.5 mg carrier GAG in 66% (vol/vol) ethanol, and counted.
The insoluble fraction was digested with papain and analyzed as described above for soluble GAG. Electrophoresis of GAG. Sufficient quantities of radioactive GAG were available only from one-third of the cultures. These were electrophoresed with carrier GAG (hyalyronic acid, chondroitin-4-SO4, and dermatan-S04) on 7The reason for the adsorption of soluble GAG on EC-TEOLA, followed by digestion of unadsorbed GAG and adsorption on Dowex 1 x 2 was the suggestion that the EC-TEOLA adsorbs the "free" GAG from untreated plasma and, after digestion, Dowex 1 x 2 adsorbs the protein "bound" fraction (10, 11 Procollagen (Fig. 1). [14C ]Procollagen increased both in the PM (P < 0.05) and in the CM (P < 0.02) only in cultures from livers with alcoholic hepatitis.
Insoluble collagen (Fig. 1) . Collagen was unaffected by trypsin but was hydrolyzed by collagenase.
[14C ]Collagen was significantly increased in three diagnostic categories: (a) chronic (active) hepatitis (P <0.01), (b) fibrosis and alcoholic hepatitis (active cirrhosis) (P < 0.001), and (c) cirrhosis (P < 0.05). The ratios of ['4C]hydroxyproline in procollagen:collagen were approximately 4:1 in cultures from alcoholic hepatitis and 2:1 in those from normal or drug hepatitis livers but it was 1:2 in cultures from fibrosis and alcoholic hepatitis (active cirrhosis) and from inactive cirrhosis.
Collagen synthesis was greater in cultures from active cirrhosis: 39.8+7 than in those from inactive cirrhosis: 14.9+4.1 (mean+SD, P < 0.01). Fig. 1 shows a distinct clustering of elevated insoluble collagen values of cultures either from chronic (active) hepatitis or from active cirrhosis. These clusters are well beyond 3 GAG (Fig. 2 ) Essentially all the labeled GAG was soluble in the culture media. The insoluble fraction contained less than 1% of radioactivity and was not considered further. Significantly elevated GAG synthesis, in both the PM and CM, was observed only in cultures grown from livers with active cirrhosis. The increase was associated with an increase of 35S/3H ratios. This ratio was over 1 in both PM and CM of over one-half of the cell strains from livers with alcoholic or chronic (active) hepatitis (Table I) On electrophoresis, the 35S-labeled GAG migrated like sulfated GAG. The majority of 3H-labeled GAG migrated either like hyaluronic acid or chondroitin-SO4. Both of these bands were hydrolyzable by testicular hyaluronidase. The GAG in all groups contained a small proportion of unidentified sulfated GAG which resisted hydrolysis with testicular hyaluronidase and had the electrophoretic mobility of dermatan-SO4. 20 comparisons were made in this Figure; by definition one can expect to reject the null hypothesis by chance alone once in 20 trials (i.e., the P = 0.05 level) when it should be accepted (type I error). Experimental errors. The reproducibility of the estimated rates of GAG synthesis is illustrated in the last two bars of Fig. 2 . The experiments were performed during a period of 2 mo on three consecutive sets of subcultures from a liver with methyldopa hepatitis. These values are reasonably close to each other and illustrate the experimental error of the methods.
The effect of ascorbic acid was evaluated in replicate cultures from 11 liver strains and one skin strain. There was no demonstrable difference of collagen synthesis in cultures of liver strains to which ascorbic acid was added (a) once, (b) 6-hourly, or (c) not at all. However, in simultaneous studies, collagen synthesis in human foreskin cultures were significantly affected by the addition of ascorbic acid at 6-h intervals in accord with the observations made by Peterkofsky with L-929 fibroblasts (13) .
The effect of ethanol was studied in replicate cultures on collagen synthesis from 1010 liver strains, on GAG from 1711 liver strains, and on that of methyl-prednisolone from 712 liver strains. There was no significant increase or decrease of collagen or GAG synthesis in the experimental cultures compared with their corresponding controls either in the ethanol or methyl-prednisolone experiments by the Wilcoxon signed ranks test (14) . DISCUSSION To the degree that the cultured cells from human livers represented in vivo biologic activity, the observations were compatible with the hypothesis that in active cirrhosis there was both an increase of collagen synthesis and a larger proportion of this collagen was insoluble at physiologic pH and ionic strength and was probably cross-linked. In the livers with alcoholic hepatitis (without overt fibrosis), there was also an increase of collagen synthesis; however, this was soluble procollagen which was not cross-linked. Procollagen would only lead to fibrosis if it were precipitated rapidly enough to become cross-linked collagen. Therefore, one may hypothesize that hepatic fibrosis depends not only on the rate of hydrolysis of procollagen to collagen but also on the composition of the ground substance which effects the rate and types of cross-linking of collagen.
Kupffer cells have been shown to contain collagenase activity (15) and hepatocytes a lysosomal enzyme with the substrate specificity similar to that of testicular 1' Normal (2) , chronic active hepatitis (2), active cirrhosis (2), inactive cirrhosis (4) . 11 Normal (2), chronic active hepatitis (5) , alcoholic hepatitis (3), active cirrhosis (3) , inactive cirrhosis (4).
12 Chronic active hepatitis (1), alcoholic hepatitis (1) , active cirrhosis (2) , inactive cirrhosis (3).
hyaluronidase (16) . Our cultures, however, had no demonstrable collagenase or hyaluronidase activity. In the absence of cells, no incorporation of radioactivity was detectable. It is reasonable to assume, therefore, that the incorporation of radioactive precursors into procollagen and collagen or GAG was the function of their respective syntheses. It is also possible, however, that the observed changes in collagen [14C]hydroxyproline reflected increased prolyl hydroxylation in collagen, because our data did not clearly differentiate it from collagen synthesis. Increased prolyl hydroxylation without increased synthesis ofcollagen was an unlikely explanation because it had to postulate an over twofold increase of hydroxyproline in collagen or over fourfold increases of hydroxyproline/proline ratio per mole. Although the molar ratio of hydroxyproline varied some in collagens from different sources, this variation occurred within a narrow range.
The increased collagen and GAG synthesis by cell strains from human livers with biopsy evidence of overt and active fibrosis suggested that this technique could be used as a model for the development of rational therapy of fibrosis in chronic, precirrhotic liver disease. Preliminary observations suggested the suitability of these cultures for the evaluation of the effect of drugs, such as ethanol and methylprednisolone, in therapeutic concentrations.
If hepatic collagen or GAG synthesis was affected directly by ethanol in chronic alcoholics, then 300 mg/dl would be expected to exert an effect. The lack of a demonstrable effect in our cultures suggested that ethanol itself probably did not contribute to hepatic fibrosis. This was in accord with previous observations which suggested that, in alcoholic liver disease, fibrosis always follows alcoholic hepatitis (17) , that there was a correlation between the progression of alcoholic hepatitis and offibrosis (18) , that the probability ofcirrhosis was associated with the severity ofalcoholic hepatitis (2, 19) , and, most important in this regard, that fibrosis did not develop in one-half of the patients with alcoholic hepatitis who continued to drink but in others, fibrosis progressed and cirrhosis developed during abstinence (19) .
If hepatic fibrosis was affected by corticosteroids, then 0.1 mM methylprednisolone would be expected to interfere with collagen and GAG synthesis. Although corticosteroid therapy had increased the survival rate and improved the clinical course of patients who had specific types of chronic hepatitis (20) , there was, no evidence that such therapy could prevent the development of cirrhosis (20) (21) (22) (23) (24) (25) . Not only chronic (active) hepatitis of viral or unknown etiology but also alcoholic hepatitis and its progression to cirrhosis has been attributed to immunologic mechanisms (24, 26 (25) .
